Paired stimulation of the isometrically contracting papillary muscle of the cat caused it to develop 80 to 100* of the tension it develops in a high calcium, low sodium medium. The isovolumic left ventricle of the dog responded to paired stimuli with a significant increase in developed pressure and in maximal rate of rise of pressure (dP/dt max) at all ventricular volumes. During stimulation of the isovolumic left ventricle, there was little or no further potentiation induced by norepinephrine or calcium gluconate infusion. Paired stimulation is thus capable of inducing a maximal or near-maximal contractility of ventricular muscle at any given ventricular volume. Using dP/dt max as an index of left ventricular contractile force which is relatively uninfluenced by aortic afterloading, paired stimulation was found to cause significant potentiation in the ejecting left ventricle (64% increase above control dP/dt max). Unlike the papillary muscle and the isovolumic ventricle, the combination of paired stimulation and norepinephrine infusion caused a further increase in dP/dt max of the ejecting left ventricle. This may be explainable by the increase in ventricular size caused by norepinephrine, but in some instances norepinephrine added to the inotropic effects of paired stimulation. ADDITIONAL KEY WORDS maximally potentiated contraction ejecting left ventricle isovolumic left ventricle, dog post-extrasystolic potentiation calcium-rich medium papillary muscle, cat Rolltf Pomp Hcol Eichoogir FIGURE 1
• Cardiac muscle, under most circumstances, performs at less than its maximal contractility (1) . In investigation of both normal and abnormal cardiac function, it would be useful to know the maximal contractility of heart muscle for any given fiber length and, in the case of the intact heart, how close to From Accepted for publication March 20, 1967. maximally a given chamber is performing In this study, paired electrical stimulation of the heart (2) , which exerts a powerful positive inotropic effect (3) , has been used to assess the maximal contractility of ventricular muscle. The results below indicate that this procedure induces a maximal or near-maximal contractile response in the isolated papillary muscle of the cat and in the in situ isovolumic left ventricle of the dog and the technique can be applied to the ejecting left ventricle to obtain a measure of its peak contractility.
In contrast to the isolated papillary muscle and the isovolumic ventricle preparation, the contractile process in the ejecting ventricle is difficult to characterize by any measurement which is not also influenced to a large degree by extracardiac factors. Peak systolic 521 pressure (4), stroke work (5) , and wall tension (6, 7) , for example, are greatly affected by aortic afterload. A measurement which reaches its peak value prior to the opening at the aortic valve should, however, be unaffected by afterload. The experimental results presented below show that the maximal rate of rise of left ventricular pressure, dP/dt max, meets this requirement in most circumstances. We have used it, therefore, in our studies of the ejecting ventricle as an index of contractility.
Methods

ISOLATED TISSUES
Eight papillary muscles or trabeculae from the right ventricle of the cat were used. These ranged in diameter from 0.2 mm to 1.0 mm in the unstretched state. The details of the techniques for stimulating those preparations and for recording their isometric force development have been described previously (8) . Force development was compared in three experimental conditions: (1) during stimulation at a rate of 15/min (control); (2) during the application of pairs of stimuli at a rate of 15 pair/min; and (3) when the preparation was perfused with a calcium-rich (8.1 mmole), sodium-poor (75 mmole) medium during single stimulation at a rate of 15/min. This modified Tyrode's solution has been shown to bring peak contractile force in this preparation to a maximal value at which changes in rate or rhythm and addition of epinephrine (8, 9) no longer produce a positive inotropic effect. Paired stimulation and perfusion with the calcium-rich, sodium-poor medium were reversed in order in successive experiments with appropriate bracketing by control observations. Stimulus intensity was set at twice the threshold value, as determined after 1 hour of "healing over" (10, 11) . Stimulus duration was 5 msec and, when stimuli were applied in pairs, the time interval between the members of each pair was that which resulted in the greatest peak contractile force for the postextrasystolic beat. Temperature was between 28.6°C and 30.0°C in these experiments and did not vary by more than 0.5°C in any experiment.
IN SITU HEARTS
Mongrel dogs of both sexes, ranging in weight from 15 to 25 kg, were used for the in situ heart experiments. Dogs were anesthetized by intravenous administration of 25 nig of sodium pentobarbital per kg of body weight. Supplementary pentobarbital was given as needed to maintain the animals in surgical plane of anesthesia. A
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cuffed endotracheal tube was inserted and positive pressure respiration was maintained with a Bird respirator using a 4056 Or-60% room air mixture. An electrocardiogram, usually lead n, was recorded in all studies. The electrocardiogram, systemic arterial pressure, left ventricular pressure and the first derivative of left ventricular pressure were recorded on an Electronics for Medicine DR-8 photographic recorder.
In order to study the ventricle at a slow heart rate, complete atrioventricular block was induced several days in advance of each study by a closed chest method (12) . The hearts were electrically driven through a bipolar plaque electrode sewn to the epicardium of the right ventricular outflow tract just below the pulmonary artery. In most dogs, stimulation in this area results in a QRS complex closely resembling that existing prior to interruption of His bundle conduction. The stimulation unit consisted of Tektronix pulse and wave form generators and a battery-powered stimulus isolation unit. Stimulating pulses were between 2 and 5 msec in duration and did not exceed twice the threshold intensity. The rate chosen was the slowest one that the ventricles would consistently follow, usually 60 to 75 beat/min. All pressures were measured by Statham P23Db pressure transducers. The catheters used will be described in the next sections. The rate of left ventricular pressure rise was measured by an RC differentiating circuit with a resistance of 0.01 megohm and a capacitance of 0.1 or 0.01 yufarad, giving a time constant of 1CH or 1(H sec. Output of the differentiator was filtered to remove frequencies above 20 cycle/sec. Filtering was not found to affect the amplitude of the differentiated recording and it removed most of the noise from the output signal. When the time of occurrence of peak rate of pressure rise (dP/dt max) was important, signals were filtered above 40 cycle/ sec or were unfiltered.
In three studies the second derivative of left ventricular pressure (d 2 P/dt 2 ) was measured. In these studies the first and second derivatives were measured by Tektronix Type O operational amplifiers using a resistance of 0.01 megohm and a capacitance of 0.1 //.farad. Outputs of the differentiators were led into Electronics for Medicine DC amplifiers.
ISOVOLUMIC LEFT VENTRICLE
Ten dogs were studied on complete cardiopulmonary bypass to obtain isovolumic left ventricle preparations. A schematic diagram of the bypass procedure is shown in Figure 1 . Details have been described previously (13, 14) . The main modification employed in the present study was the use of a Rygg-Kyvsgaard disposable bag oxygenator in place of the rotating disc oxygenator previously used (14) . The descending thoracic aorta was ligated.
A polyethylene bag for insertion into the left ventricle was secured to the end of a PE320 catheter. The catheter was attached by a threeway stopcock to a Statham P23Db pressure transducer and a Cornwall constant volume syringe. With this arrangement, fixed volume increments of fluid could be added to the bag and pressures recorded at known volumes. All air was removed from the bag and catheter before insertion into the heart. A volume of 5 ml for the maximally deflated bag was taken into account in plotting pressure-volume curves. For most studies the bag was inserted through a stab wound in the apex of the left ventricle. The wound was large enough to permit escape of the small amount of coronary blood that empties directly into the ventricular chamber (15) . In a few studies the bag was inserted through the mitral valve and was held in position by a clamp attached to a thread passed through the apical stab wound. In all studies the left atrium was widely incised. In most preparations a small amount of blood was ejected through the apical stab wound during systole. This blood came mostly from severed vessels at the apex, and only a small fraction came from the ventricular chamber itself. The volume of intra-luminal blood ejected was small compared to the smallest bag volume used (10 ml). Hence, fiber shortening, permitted by allowing this blood to escape, was minimal. No evidence of aortic insufficiency was found in any study reported.
The mean blood pH for the 10 dogs studied was 7.35 with a range of 7.19 to 7.57. The mean PCCM was 45 mm Hg (range, 18 to 56 mm Hg) and the mean PO 2 was 460 mm Hg (range, 343 to 620 mm Hg). The pH was adjusted by addition of sodium bicarbonate to the circulating blood. The extremely low and high values for pH and Pco 2 were always transient and usually occurred early in the course of a study, shortly after initiation of the bypass.
We found that the blood sugar level could vary from 40 mg/100 ml to 600 mg/100 ml. Glucose was not used in priming the system or in intravenous infusions, but the pancreas and the liver were removed from the circulation by aortic ligation. To avoid the consequences of cardiac and cerebral cellular hypoglycemia, it was decided to add insulin or 50% glucose solution as required to maintain a blood sugar level between 80 and 200 mg/100 ml. Once corrected, blood sugar usually remained in this range for the duration of the study. In three early experiments the blood sugar was not adjusted in this way and results from those studies are included in Figures 5 and 6 ; the intent is to compare results in ventricles of varying contractility. Data from these 3 animals do not appear in any of the other results reported.
To test whether ventricular contractility could be increased beyond the level attained through paired electrical stimulation, norepinephrine and calcium gluconate were administered, sometimes together and sometimes separately, during paired stimulation. Norepinephrine was infused at some point during each experiment, at a constant rate of 12 ^ig/min of the bitartrate salt into the venous reservoir of the cardiopulmonary bypass circuit. This rate of infusion was selected on the basis of earlier studies which showed that doubling the infusion rate produced no further increase in developed pressure or in dP/dt max during single stimulation. The blood calcium level was raised by pouring 5 ml of 10% calcium gluconate (1.1 mmole) into the venous reservoir. This procedure was repeated, involving successive additions of the 1.1 mmole amount, until a cardiac arrhythmia appeared. The smallest amount administered was 3.3 mmole, the largest, 11 mmole. Plasma calcium level, on one occasion, was raised from 4.5 mEq/1 to 9.5 mEq/1 on addition of a total of 6.6 mmole of calcium.
EJECTING LEFT VENTRICLE
Twenty-three dogs with intact circulation were studied. In 10, the heart was exposed and in Circulation Rtiurcb, Vol. XX, Miy 1967 13, it was not; one of the 10 was studied before and after thoracotomy. All dogs had had complete atrioventricular block induced without thoracotomy several days prior to the experiment. Aortic pressure was measured by a Statham P23Db pressure transducer through an Odman-Ledin catheter (3 mm i.d.) inserted in the aorta through the femoral artery. In a few instances, femoral artery pressure was measured through a Coumand needle. An Odman-Ledin catheter or a Gensini 7F catheter was passed retrograde from the femoral artery to the aorta and attached to a Statham P23Db pressure transducer for left ventricular pressure measurement. Stimulation by a bipolar electrode catheter was passed through the femoral vein into the right ventricular outflow tract. Norepinephrine bitartrate was infused during paired stimulation through a femoral venous catheter at a rate of 12 fig/min.
To evaluate the effect of changing the resistance to left ventricular outflow upon the maximal rate of rise of ventricular pressure, the supravalvular aorta was abruptly occluded during diastole in 9 dogs. The chest was opened in the left fifth intercostal space. A plaque electrode was sewn to the right ventricular epicardium just below the pulmonary artery. Left ventricular pressure was measured through a 15-cm length of thickwalled vinyl tubing (6 mm i. d.) inserted through a stab wound in the apical dimple. A snare was placed loosely around the ascending aorta just before the origin of the brachiocephalic artery. Both ends were passed through a short length of wide-bore plastic tubing so that by tightening the snare through the tubing the aorta could be rapidly occluded. Occlusion during diastole does not affect ventricular filling during the diastolic interval. The ventricle therefore begins contraction at the usual end-diastolic volume. Once the aortic valve opens the only pathways remaining for ejection are the coronary arteries. Thus, the amount ejected is markedly reduced and the ventricular muscle becomes heavily loaded although contraction is neither isometric nor strictly isovolumic. The occlusion was maintained for only 1 beat and the pressure tracing allowed to return to its previous form and amplitude before the occlusion was repeated. For each heart the occlusion was performed during single and paired stimulation. In all studies the completeness of aortic occlusion was checked by withdrawing the aortic catheter distal to the snare and repeating the occlusion. In no instance did the aortic pressure distal to the snare rise during systole.
Results
ISOLATED TISSUE
Results from four of a total of eight papil- lary muscles are illustrated in Figure 2 . The four muscles selected were those having a cross sectional area of 0.12 mm-or less under optimal stretch (corresponding to an upper Limit for diameter of 0.40 mm at equilibrium length). The selection is based on the fact that in the high calcium medium the larger muscles developed peak tensions per unit of cross sectional area that varied considerably from one preparation to another. The values obtained for peak developed tension at optimal length in the calcium-rich medium for the four muscles not shown in Figure 2 are: 3.6 g/mm-(equilibrium diam: 0.58 mm); 2.3 g/mm-(diam: 1.00 mm); 1.52 g/mm -(diam: 0.60 mm); and 4.1 g/mm-(diam: 1.40 mm). In marked contrast, peak isometric force at optimal length for the smaller muscles (see Fig. 2 ) is linearly related to cross sectional area to an impressive degree in the calcium-rich medium and an average value of 6.8 g/mm 2 (range, 6. Tracings obtained from a representative study of an isovolumic left ventricle. Balloon volume is 45 ml and the heart rate during single stimulation is 70/min. Norepinephrine bitartrate is infused at a rate of 12 /ig/min. The calcium is given as a single infusion of 2 2 mmole. dP/dt is the first derivative of left ventricular pressure; AP, aortic pressure; LVP, left ventricular pressure; ECG, lead n electrocardiogram. a. en tions. It may well be that the upper limit of 0.4 mm diameter is too conservative at this temperature and rate; no muscles with diameters between 0.4 mm and 0.6 mm were CircmUlion Rutmrcb, Vol. XX, Mn 1967 studied. The peak tensions in the control state are shown in Figure 2 as are the tensions obtained with paired stimulation in normal Tyrode medium; the latter approximate the Left: The percentage rise in left ventricular pressure plotted against the control left ventricular pressure. Right: The percentage rise in dP/dt max plotted against the control dP/dt max. All points are from left ventricles containing a 35-ml volume.
values in the calcium-rich medium, being identical with them in two muscles, slightly greater in one and 80% of maximum in a fourth muscle.
IS0V0LUMIC LEFT VENTRICLE
In seven isovolumic preparations, the developed pressure in the left ventricle (systolic peak pressure minus end-diastolic pressure) and maximal dP/dt were measured at ventricular volumes ranging from 10 to 40 ml. The right panel of Figure 3 shows a comparison of seven control curves compared with curves obtained during paired stimulation of the heart, during the combination of paired stimulation and norepinephrine infusion, and during paired stimulation with both norepinephrine and calcium infusion. The left panel of Figure 3 shows the results obtained in one representative study. Figure  4 shows the records obtained in a typical study at a large ventricular volume.
Paired stimulation increased both the developed pressure and the dP/dt max at all volumes, the increment being slightly greater at the larger volumes. Neither norepinephrine nor the combination of norepinephrine and calcium, when added to paired stimulation, increased pressure or dP/dt max significantly over the level produced by paired stimulation alone. The wide standard deviation for these seven studies is due to the fact that the hearts were in greatly differing functional states ranging from two excellent hearts which developed high pressure with rapid rates of pressure rise (e.g. Fig. 3 , left panel) to three very poor ones. The dP/dt max curve runs roughly parallel to the pressure curves at all volumes.
In Figure 5 , the left ventricular pressure and dP/dt max produced at a 35-ml ventricular volume in 10 dogs by paired stimulation are plotted against the control left ventricular pressure and dP/dt max. The pressure and dP/dt max during paired stimulation was less in ventricles that had low values in the control state. Although the left ventricles of these dogs were not dissected out and weighed, all dogs were about equal in weight, so that variations in ventricular fiber length are unlikely to account for these differences in pressure development. The 35 ml volume also placed all these at about the peak of their pressure-volume curves. When percentage rise of pressure and dP/dt max are plotted against control pressure and dP/dt max (Fig. 6 ), those ventricles with the lower control values had the higher percentage increase and those with the higher control values had the lower percentage rise with paired stimulation.
EJECTING LEFT VENTRICLE
The first problem to be considered with the ejecting ventricles was which measure of contractility to employ, Figure 7 shows that The results of completely occluding the aorta just above the aortic valve during diastole. AP is aortic pressure; LVP, left ventricular pressure; ECG, lead 11 electrocardiogram; and dP/dt, the first derivative of the left ventricular pressure. Maximal dP/dt attained with paired stimulation plotted against the control dP/dt max. There are 24 measurements from 23 different ventricles. Control maximal -(mm Hg/sec)
FIGURE 9
Percentage rise in dP/dt max during paired stimulation plotted against control dP/dt max.
when the ascending aorta is completely occluded during a single diastolic interval, peak ventricular pressure is markedly increased. Such a diastolic occlusion should not alter end-diastolic fiber length and should allow ejection into only the coronary arteries. The
CircuUiion RtJircb, Vol. XX, Met 1967
volume lost into the coronaries is unknown, but is probably small despite the increased pressure since ventricular wall tension also rises. This form of diastolic occlusion thus produces a marked increase in afterload. Figure 7 also shows that dP/dt max is only slightly increased by complete aortic occlusion. The results obtained on occlusion of die ascending aorta in 9 dogs are given in Table 1 . It can be seen that dP/dt max is far less affected by ejection than is left ventricular pressure. Why it should be altered at all cannot be conclusively stated on the basis of these studies. The peak of the differentiated pressure trace is relatively close in time to aortic valve opening, however. It may well be that the ventricular fibers, which shorten less during aortic occlusion, are therefore characterized by a somewhat greater instantaneous "active state" (16) which is manifested by a small increase in the peak rate of rise of pressure. In accord with this view is the fact that the peak of the differentiated pressure trace during aortic occlusion is not only of greater amplitude but also slightly delayed, as measured from the R wave (e.g. Fig. 7) .
The peak of the second derivative of left ventricular pressure (d 2 P/dt 2 max) should occur prior to dP/dt max and thus even earlier is systole. Such a measurement should be even less affected by factors of afterloading and fiber shortening than dP/dt max. The results of three studies in which dP/dt and d 2 P/dt 2 were measured are shown in Table  2 . Even though the peak of the second derivative of left ventricular pressure does occur earlier than the peak of the first derivative, d-P/dt 2 was not unaffected by restricting ejection, and double differentiation greatly multiplies errors inherent in this technique.
In 22 ejecting left ventricles, the average dP/dt max increased from 2330 mm Hg/sec to 3830 during paired stimulation and to 4660 during paired stimulation plus norepinephrine. The dP/dt max produced by paired stimulation was 82% of that produced by combined paired stimulation and norepinephrine infusion. Thus, the ejecting left ventricle is unlike the CircuUtion Rtsurcb, Vol. XX, M*j 1967 isovolumic left ventricle and isometric papillary muscle in which paired stimulation alone produces a maximal response. Figure 8 shows the relationship of peak dP/dt during paired stimulation to that in the control state. Ventricles with the highest control dP/dt max reached the highest levels with paired stimulation. When the percentage rise in dP/dt max during paired stimulation is plotted against the control dP/dt max ( Fig.  9) , it can be seen that those ventricles with the lowest control rates of pressure rise had the highest percentage increase with paired stimulation. In this respect the ejecting ventricles resemble the isovolumic ventricles.
Discussion
It has been shown previously that, in a medium rich in calcium and low in sodium, the isometric contractions of isolated papillary muscle of the cat appear to be maximal in that the inotropic effects of changing rate and rhythm and of added epinephrine do not further increase die force of contraction (8, 9, 17, 18) . Paired electrical stimulation of the papillary muscle contracting isometrically in normal Tyrode's solution has been reported to produce 85% of the peak tension that results from single stimulation in the high calcium, low sodium Tyrode's solution (1) . It was therefore suggested that paired electrical stimulation was capable of eliciting near-maximal contractility from ventricular muscle. The present investigations were undertaken to study further the potentiation in vitro and to ascertain whether this degree of potentiation also occurred in ventricular muscle in situ.
Our experiments with papillary muscles confirm prior observations in that paired stimulation will result in the development of 80 to 100$ of the tension developed during single stimulation in a calcium enriched medium. The results of Koch-Weser (19) , which may be seen as contradictory to the main thesis presented here, were obtained from muscles which we would regard as "diick" and were obtained at considerably higher driving rate and temperature than we used. Koch-Weser's finding, that high intensity stimulation [a convincingly catecholamine-mediated effect (20) ] adds appreciably to contractile force obtained by paired stimulation alone (at slightly suprathreshold intensity), was obtained under conditions not strictly comparable to those employed here. We are presently conducting experiments at varying temperatures and heart rates using thin preparations.
The isovolumic left ventricle is the closest in situ approximation to the isometric papillary muscle presently available. Such a ventricle is not subject to variations in enddiastolic volume resulting from changes in aortic pressure or in pulmonary venous inflow. Since volume does not change during systole, the ventricle does not behave as a variably afterloaded muscle (21) . It is important, however, to be aware of a number of limitations of this preparation. Although the ventricle is isovolumic, differences in strength of fiber groups permit both lengthening and shortening of fibers to occur during systole (12) . Hence, fibers are not contracting under isometric conditions and maximal force may not be attained. Further, as long as there is any direct return of coronary blood to the left ventricular cavity, some small amount of ejection does occur. To this small extent, the preparation is not isovolumic. Because the balloon, at large volumes, tends to assume a spherical or ellipsolidal shape, it does not fill the entire space of the ventricular cavity. As a result, some fibers, mainly those around the middle of the ventricle, are stretched much more than fibers located near the apex and atrioventricular groove. This undoubtedly causes the ventricle to perform differently than it would if filled completely with the same volume of blood. Another noteworthy limitation of our preparation lies in the fact that the mitral valve was not sutured closed. Normally, the papillary muscles exert tension upon the bolus of blood in the ventricle through their pull upon the closed mitral valve. When the valve is left open and a fluid-filled balloon is inserted into the ventricle, the papillary mus-cles fail to exert this downward pull, hence the pressure developed is less than it should normally be for the same ventricular volume. These limitations and others discussed under Methods are outweighed, however, by the great advantage of measuring contractile activity independently of afterload, even though the measurements are only approximations.
Studies of the isovolumic ventricle indicated that paired stimulation adds significantly in all ventricles and at all ventricular volumes to the systolic pressure and the maximal rate of pressure rise that develops with single stimulation. Constant infusion of 12 /Ag/min of norepinephrine bitartrate did not result in any additional increase in developed pressure; dP/dt max was slightly increased at the smaller ventricular volumes and not at all the higher volumes. Similarly, addition of calcium gluconate during the combination of paired stimulation and norepinephrine infusion did not further increase developed pressure and increased dP/dt max slightly only at the smaller ventricular volumes. The rapid infusion of 2.2 mmole of calcium in the form of calcium gluconate was found to produce as much of a contractile response as the larger doses and the latter were prone to cause arrhythmias. Although the extracellular calcium concentration in no way approximated that attained in the isolated papillary muscle studies and although serum sodium was not reduced in situ, the infusion of 2.2 mmole of calcium was sufficient to increase developed pressure and dP/dt max in the ventricle driven by single stimuli. The failure of the norepinephrine and calcium, either alone or in combination, to add significantly to the developed pressure and dP/dt max produced by paired stimulation suggests that the latter can induce in situ left ventricle to contract maximally at least within the range of heart rates studied (60 to 90/min).
Our studies of the results of occlusion of the ascending aorta during diastole confirm prior reports (21-23) that peak systolic pressure is much lower when the ventricle is allowed to eject. Accordingly, peak systolic pressure developed by an ejecting ventricle OrcuUtion Ruurcb, Vol. XX, Msj 1967 is not a good measure of the force the ventricle is capable of developing for any given end-diastolic volume and inotropic state. The same objection applies to those measurements that depend upon or are related to peak force, e.g. wall tension, stroke work and stroke power.
The maximal rate of rise of ventricular pressure was found, in the studies of the isovolumic left ventricle, to change in parallel with developed pressure when ventricular volume was changed and when the contractile state of the muscle was increased by paired stimulation. This empirical relationship between peak systolic pressure (24) and dP/dt max and between peak systolic tension and dP/dt max (25) has been found to hold in the ejecting left ventricle despite the modifying influence of aortic afterloading. On the other hand, Brady has indicated that the active state in cardiac muscle is not an instantaneous one, but is slow in onset (16) . Hence, tension with maximal afterload (Po) is time-dependent and is not fixed for any given presystolic state of the muscle. The rate of shortening of the contractile element and the peak tension may vary independently, and illustrations of this are given by Brady (ref. 16, Fig. 6 ), and by Niedergerke (ref. 18 , Fig. 4) . It therefore appears that dP/dt max and peak isovolumic pressure change in parallel most of the time, although this relationship is not necessarily a constant one.
Siegel et al. (23) have stated that dP/dt reaches its maximal value prior to aortic valve opening. Wallace, Skinner and Mitchell (26), on the other hand, have shown that abruptly increasing aortic resistance during diastole results in a small increase in dP/dt max during the next systole. With diastolic occlusion of the supravalvular aorta we have, about half the time, observed no significant rise in dP/dt max of the succeeding beat. In only one of the remaining studies did dP/dt max increase by more than 17%. In most of our studies dP/dt was maximal just prior to aortic valve opening. This is probably due to the relatively slow heart rates employed in these studies (averaging 60/min) Circulation Rtsurcb, Vol. XX, MM, 1967 which permitted the development of a low end-diastolic pressure in the aorta, and is possibly also due to the use of a ventricular stimulation site (27) . It is probable, in those instances where dP/dt max rose significantly with aortic occlusion, that the maximal value had not been attained when ejection began. It can be seen from Table 1 that dP/dt max is far more independent of aortic afterloading than is peak systolic pressure.
It has been shown by previous investigators (26, 28) and confirmed by us that dP/dt max is affected by heart rate, muscle fiber length and the inotropic state of the heart muscle. To separate the changes in dP/dt caused by alterations in fiber length from those caused by alterations in contractility, Siegel and Sonnenblick (28) proposed using the ratio of dP/dt max to the integrated tension developed up to the peak of an isovolumic contraction. More recently, Siegel et al. (23) extended this concept to the ejecting ventricle. Although ventricular volume usually changes with paired stimulation, we chose in the study of the ejecting ventricles to use only dP/dt max as an index of total alterations in the strength of contraction.
Paired stimulation alone increased dP/dt max of the ejecting ventricles to 8295 of the level produced by a combination of paired stimulation and norepinephrine infusion. This is a close approximation of the peak value. Why there should be a further increment in dP/dt max in the ejecting ventricle, but not in the isovolumic ventricle, is not clear, but it is possible that the increased outflow resistance caused by norepinephrine results in a larger diastolic volume of the ventricle (29). Sonnenblick et al. (30) , using dogs on right heart bypass with controlled left ventricular inflow and aortic pressure, produced by paired stimulation alone 68% of the dP/dt max achieved by a combination of paired stimulation and norepinephrine (10 to 20 fjig/min). In 2 of their 5 dogs, paired stimulation produced only 50% of the dP/dt max attained with combined paired stimulation and calcium infusion (0.11 and 1.20 mEq/ min). The latter, in particular, is less im-pressive than the 82$ of the peak value that paired stimulation produced in the present study. It should be pointed out that the average dP/dt max obtained with paired stimulation in our study is 25$ greater than the average in the study of Sonnenblick et al. This may partially explain the larger discrepancy in the latter study between the dP/dt max attained by paired stimulation alone and that attained by combined paired stimulation and calcium or norepinephrine infusion. Heart rate was also considerably faster in the study of Sonnenblick et al. (112 to 146/ min) than in the present study. Ventricular volume was uncontrolled in both studies.
The relationship of the degree of potentiation to the developed pressure or dP/dt max in the control state is an interesting one. In both isovolumic and ejecting ventricles, the lower the control dP/dt max, the greater the percentage rise with paired stimulation. On the other hand, despite the larger percentage increase with paired stimulation, the ventricles with the low control rates of pressure rise consistently fail to reach the same high values as those with high rates of pressure rise in the control state. The same observation applies to the developed pressure of the isovolumic ventricles. These findings might be of diagnostic usefulness. One would expect a failing ventricle to have a low control dP/ dt max and a large percentage increase with paired stimulation, but the final value with potentiation would be less than predicted for a normal ventricle. The more compromised the ventricle, the more pronounced will be the deviation from the normal response to paired stimulation.
